Abstract-In recent years, there is an increasing interest in applying natural esters as the alternative to mineral oils in large power transformers. But the low resistance to oxidation/gelling process poses a challenge for applying natural esters in freebreathing transformers. Some previous studies presented the gelling/oxidation behaviour of natural esters in terms of physical and chemical properties. There is a lack of study considering the electrical performance of natural ester during the gelling process. In this paper, the AC breakdown strength of a natural ester from liquid state to totally gelled state was determined. Test cells with a 1 mm sphere-sphere electrode gap were used to hold ester samples. The ester samples and the test cell were aged together in an air-circulating oven at 120 ˚C. Dynamic viscosity of the ester samples was also measured to monitor the oxidation/gelling process. Results showed that dynamic viscosity of the natural ester increases more than 100 times during the gelling process. But unlike the rapidly changing physical parameter, AC breakdown strength of the natural ester remains stable during the whole ageing process till the natural ester turns into totally gelled form.
I. INTRODUCTION
Natural esters derived from natural plants such as vegetable seeds are increasingly considered as alternatives to conventional mineral oils used in transformers, due to their environmentally friendly and less flammable properties [1, 2] . To date in Europe, North America and worldwide, natural ester has been widely applied in sealed distribution and traction transformers [3] . Moreover, there is an increasing interest in applying natural ester in high voltage power transformers, e.g. in April 2013, the world's largest natural ester immersed 300 MVA, 380 kV power transformer was successfully commissioned in Bruchsal, Germany [4] .
Different from the ageing of mineral oils, natural esters do not generate sludge during gelling/oxidation, but instead polymerize gradually and lead to an increment of acidity and viscosity [5] . In the worst case, thin films of natural ester left on the surface of windings in transformers might oxidize to gelled forms during manufacture or transportation if oxygen is presented. These thin films of gelled natural ester could inhibit mechanical operation and increase power factor of coil [6, 7] . Therefore it is still a technical challenge to apply natural ester in free-breathing transformers.
Facing toward the further application in free-breathing transformers, the gelling/oxidation process of natural ester should be studied. In our previous paper [8] , gelling/oxidation behaviours of thin films of a natural ester were investigated under accelerated thermal ageing at 120 ˚C. Total acid number and dynamic viscosity were measured periodically to monitor the gelling progress. The thickness (i.e. volume/surface ratio in a cylindrical cell) of the natural ester samples ranges from 1 mm to 20 mm. Results showed that both viscosity and acidity are reliable indicators to assess gelling/oxidation behaviour of natural esters from initial liquid phase to eventually gelled form. In addition to ageing temperature, film thickness has a significant influence on the gelling/oxidation behaviour of the natural ester, i.e. the thinner the film is, the faster the gelling speed will be, as shown in Fig. 1 [8] . However, there is no publication describing the electrical performance of natural ester when it is turning to gelled form. In this paper, the AC breakdown voltage/strength of a natural ester was measured periodically where the natural ester is aged from fresh liquid condition to totally gelled form. Physical parameter, i.e. dynamic viscosity of the natural ester was also measured during the ageing process. The accelerated ageing tests were carried out at 120 ˚C. A sphere-sphere electrode system with a gap distance of 1 mm was used for the breakdown tests.
II. EXPERIMENTAL DESCRIPTIONS

A. Materials
A natural ester liquid Envirotemp FR3 produced by Cargill was investigated in this paper. The basic properties of this natural ester were described in the previous publications [4, 9] . Ester samples were directly taken from sealed barrels, then filtered through a 0.2 mm membrane unit and lastly degassed and dried in a vacuum oven under 500 Pa at 85 ˚C for over 72 hours. After the pre-processing procedure, the cumulative number of particles with diameter larger than 5 μm is less than 500 per 100 ml, as shown in Fig. 2 . The relative humidity is less than 10% for the processed ester samples. 
B. Arrangement of Accelerated Thermal Ageing
A specially designed cylindrical test cell was used to hold the ester samples and the sphere-sphere electrode system. The cross section view of the test cell is shown in Fig. 3 . Side walls and bottom of the test cell were made of PTFE in order to facilitate the thermal ageing at high temperature. The sphere electrode was made of brass, having a diameter of 12.5 mm. Gap distance between the electrodes was set to 1 mm. Ester samples were prepared with the same volume/surface ratio of 20 mm in multiple test cells to allow measuring parameters periodically. After filled with processed ester samples, all test cells were put into an air-circulating oven for accelerated thermal ageing at 120 ˚C. The thermal ageing tests were carried out for up to 30 days, till the ester sample turned to totally gelled form.
In order to monitor the ageing process, dynamic viscosity of the ester samples was also measured for every 5 days of ageing. A Brookfield DV-II+ Pro viscometer was used to measure dynamic viscosity of samples at test temperatures ranging from 20 ˚C to 90 ˚C. The unit of dynamic viscosity is expressed as cP (1cP = 0.001 Pa· s). Initial dynamic viscosity of the new natural ester was recorded prior to ageing experiments to be used as the benchmark.
C. Breakdown Test Procedure
The test setup for measuring the breakdown voltage of ester samples is shown in Fig. 4 . It was noticed that the gap distance of the test cell might change slightly after the ageing experiments, therefore the breakdown results were converted to breakdown strength, i.e. breakdown voltage divided by the actual gap distance, in terms of kV/mm. After the ageing experiments, an image of the test cell was taken from top-view. The sphere-sphere gap distance was calibrated from a length reference in the image. Fig. 5 shows the changes of colour and appearance of the ester samples with the increase of ageing time. It is indicated that the colour of the natural ester darkens with longer ageing time, i.e. from light green prior to ageing experiments to dark brown after 30 days of ageing. The surface of the ester samples also deforms gradually during the ageing process. 
III. RESULTS AND DISCUSSIONS
A. Colour and Appearance
B. Dynamic Viscosity
The dynamic viscosity of ester samples at different ageing times is shown in Fig. 6 and Fig. 7 . Viscosity measurements were obtained from initial liquid phase to almost gelled state at which viscosity measurement could not be carried out. The dynamic viscosity of the natural ester reduces gradually with the increase of test temperature at all the gelling/oxidation stages, whereas the dynamic viscosity of the natural ester increases gradually with ageing time for the whole range of test temperatures. After 25 days of ageing, at the same test temperature, dynamic viscosity of the aged ester samples is more than 100 times higher than that of the new natural ester. 
B. AC Breakdown Strength (kV/mm)
In order to statistically analyse the breakdown strength, Weibull distribution was used to fit the breakdown results and to estimate the probability based breakdown strength. A typical Weibull distribution of breakdown results is shown in Fig. 8 . Based on Weibull distribution plot in Fig. 8 , the breakdown strength at 50% and 10% breakdown probability can be obtained, as given in Table I and Fig. 9 . Table I and Fig. 9 show that with the increasing of ageing time, the breakdown strength of the ester samples does not change obviously, even when the ester samples turn to totally gelled form after 30 days of ageing. In addition, the correlation between breakdown strength at 50% probability and dynamic viscosity of the natural ester during the complete gelling/oxidation process is shown in Fig.  10 . As a reference, the relationship between viscosity and acidity of natural ester with 20 mm thickness obtained in [8] is also plotted in Fig. 10 . Firstly, the comparison between the viscosity measurement in this paper and previous viscosity results with the same volume/surface ratio of 20 mm indicates that the gelling process is repeatable and consistent. Secondly, it is shown that the change of breakdown strength is independent of the change of dynamic viscosity and total acid number, i.e. the breakdown strength of natural ester is still stable when viscosity and acidity increases significantly. As a summary, the AC breakdown performance of the natural ester is constant even when the physical and chemical performances of natural ester are seriously reduced. Fig. 9 . 50% and 10% breakdown strengths of ester samples at different ageing times. Fig. 10 . The relationship between 50% AC breakdown strength and dynamic viscosity and total acid number measurements in this paper and [8] ; viscosity measured at test temperature of 40 ˚C.
There are a number of factors that could affect the AC breakdown performance of natural ester during the gelling process. As seen in Fig. 5 , severe deformation of the gel at the late stage could form micro voids inside the sample, which poses a negative effect on the breakdown voltage [10] . At the same time, some other mechanisms known to influence AC breakdown strength, e.g. particle motion [11] , become less significant due to the increased viscosity of natural ester during the gelling process. The increasing viscosity could also make the formation of discharge channel more difficult. In addition, although the acidity increases significantly, those acid by-products might be mainly high molecular weight acids, which are less polar and have less negative impact on the breakdown voltage. There is a trade-off between all these factors, which results in a stabilized AC breakdown performance of natural esters during the gelling process.
IV. CONCLUSIONS
In this paper, AC breakdown strength of a natural ester was studied from fresh liquid condition to totally gelled form through accelerated thermal ageing experiments at 120 ˚C. The ester samples were aged in a test cell with volume/surface ratio of 20 mm. A sphere-sphere electrode system with a gap distance of 1 mm was used for the breakdown measurements. Dynamic viscosity of the ester samples was also measured periodically as a maker for assessing gelling/oxidation progress of the natural ester.
The results showed that dynamic viscosity of the natural ester increases more than 100 times from initial liquid phase into totally gelled form, whereas the AC breakdown strength of the natural ester remains stable during the whole ageing process till natural ester turns to totally gelled form.
